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Abstract. The taxonomy of the Malagasy leaf-tailed geckos Uroplatus fimbriatus and U. giganteus is in need of revision 
since a molecular study casted doubt on the species status of U. giganteus from northern Madagascar. In this study we sepa¬ 
rately analyse DNA sequences of a mitochondrial gene ( 12 S rRNA) and of four nuclear genes (CMOS, KIAA 1239 , RAGi, 
SACS), to test for concordant differentiation in these independent markers. In addition to the molecular data we provide 
a comprehensive review of colour variation of U. fimbriatus and U. giganteus populations from the entire distribution area 
based on photographs. The molecular evidence clearly supports a two-species taxonomy, with U. fimbriatus correspond¬ 
ing to a southern clade and U. giganteus to a northern clade. This conclusion relies on the high mitochondrial divergence 
among these units, and especially on the full concordance of the mitochondrial signal with differentiation in two of the 
four nuclear genes, which show no haplotype sharing among the northern and southern clade. This suggests limited or 
absent gene flow among these units, even in areas where they occur in rather close proximity to one another. The only 
consistent difference in colour variation between the two species is the whitish iris with rather indistinct brown vertical 
lines in U. giganteus, versus a yellowish iris with more distinct, continuous lines of typically a more reddish brown tone in 
U. fimbriatus. In the U. giganteus population of Montagne dAmbre, a particular colour pattern on the head prevails which 
is not present in all the specimens studied from Marojejy. The Marojejy population of U. giganteus is also genetically dis¬ 
tinct, as is one sample from Ankavanana included in a previous study, requiring in-depth future study. 

Keywords. Squamata, Gekkonidae, Uroplatus fimbriatus species complex, taxonomy, phylogeny, Madagascar, colour vari¬ 
ation, biogeography. 


Introduction 

The genus Uroplatus is a remarkable group of nocturnal 
geckos endemic to the forests of Madagascar and currently 
includes 17 formally recognized species plus several candi¬ 
date species (Ratsoavina et al. 2017). The largest members 
of this genus are included in the Uroplatus fimbriatus species 
group which comprises U. fimbriatus, U. giganteus, U. siko- 
rae, U. sameiti, U. henkeli and one candidate species that is 
morphologically close to U. henkeli and has been referred 
to as U. henkeli [Can] (Bohme & Ibisch 1990, Ratsoavi¬ 
na et al. 2013). Uroplatus fimbriatus is one of the largest re¬ 


presentatives of these geckos and is one of the most famous 
reptile species from Madagascar. It was already mentioned 
in the literature of the ryth century (Flacourt 1658) and 
was formally described by Schneider in 1792 (for a de¬ 
tailed discussion see Glaw et al. 2006 and Ratsoavina 
et al. 2013) with the imprecise type locality “Madagascar” 
(Angel 1929). Motivated by the lack of precision of the type 
locality and some major problems with the holotype, Bau¬ 
er & Russell (1989) designated as neotype the specimen 
ZFMK 36503 from Nosy Mangabe, and thereby restricted 
the type locality to this tiny offshore island in the Bay of 
Antongil in the North East of Madagascar. 
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A(12S) 


Uroplatus fimbriatus Nosy Mangabe ZCMV 2177 
Uroplatus fimbriatus Nosy Mangabe ZCMV 2199 
Uroplatus fimbriatus Maroantsetra FGMV 2002 2234 
Uroplatus fimbriatus Amboblwoangy PSG 2211 
Uroplatus fimbriatus Ambodw/oangy PSG 2209 
Uroplatus fimbriatus Ambodlwoangy PSG 21 
Uroplatus fimbriatus Nosy Mangabe ZCMV 2200 
Uroplatus fimbriatus Nosy Mangabe ZCMV 836 
Uroplatus fimbriatus Tanin'ny Betsileo PSG 1370 
Uroplatus fimbriatus Kianjavato KAF 147 
- Uroplatus fimbriatus Kianjavato KAF 20 
Uroplatus fimbriatus Kianjavato KAF 41 
Uroplatus fimbriatus Fierenana FGMV 2002 2233 
Uroplatus fimbriatus Betampona RAX7458 EU596644 
Uroplatus fimbriatus Toamasina RAX4007 EU596649 
'— Uroplatus fimbriatus Ambodlnana PSG 1129 
Uroplatus fimbriatus AndaW\be RAX9112 EU596645 
- Uroplatus fimbriatus Masoala DNA 00302 


I— I 


— Uroplatus giganteus Ankawanana RAN42560 EU596648 
Uroplatus giganteus Marojejy CampO MSTIS 00068 
Uroplatus giganteus Marojejy ZCMV 864 
Uroplatus giganteus Marojejy RAN42239 EU596647 
Uroplatus giganteus Marojejy CampO MSTIS 00069 
Uroplatus giganteus Marojejy Piscine Naturelle MSZC 0265 
Uroplatus giganteus Marojejy Piscine Naturelle MSZC 0266 
Uroplatus giganteus Bezavona RAX3830 EU596641 
Uroplatus giganteus Salafaina RAX4327 EU596642 
Uroplatus giganteus Analala^/a RAX4470 EU596643 
Uroplatus giganteus Montagne d’Ambre FGZC 517 
Uroplatus giganteus Montagne d’Ambre RAN38460 EU596646 
Uroplatus giganteus Montagne d’Ambre FGZC 516 
Uroplatus giganteus Foret Ambre FGZC 3164 
Uroplatus giganteus Montagne d’Ambre FGZC 1094 
Uroplatus giganteus Montagne d'Ambre FGZC 514 
Uroplatus sikorae Ambatoroma RATF 78 
- Uroplatus alluaudi 



Figure 1. Map of Madagascar and molecular differentiation between Uroplatus fimbriatus (dots) and U. giganteus (squares). Locality 
records of specimens for which locality records have been unambiguously been confirmed with molecular evidence, based on data 
herein. Colours correspond to those used in the phylogenetic tree (Fig. lA). Type localities are given with asterisks (*). Underlined 
are the northernmost (Cap Est without molecular evidence) and southernmost (Kianjavato) locality records for U. fimbriatus. Mo¬ 
lecular differentiation between U. fimbriatus (blue) and U. giganteus (orange). (A) Maximum Likelihood tree based on a fragment of 
the mitochondrial 12S rRNA gene. Values at nodes are bootstrap proportions in percent. (B-E) Haplotype networks of four nuclear 
genes (RAGl, SACS, KIAA1239, CMOS). 
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Uroplatus fimbriatus appears to be mainly a species of 
low-altitude rainforests of eastern Madagascar covering a 
distribution area roughly from Cap Est in the Masoala Pe¬ 
ninsula, southwards at least until Kianjavato (Fig. i). It is 
uncertain whether the species occurs further south; reports 
of this lizard from Vohipeno, Vondrozo and Eminiminy, 
close to Andohahela National Park in the far South East, 
are based on unverified historical records (Angel 1942), 
and intensive recent surveys in the Andohahela and Ano- 
sy Massifs and surrounding forests have not yielded any 
records of U. fimbriatus (Andreone & Randriamahazo 
1997, Nussbaum et al. 1999, Ratsoavina et al. 2013). Uro¬ 
platus fimbriatus has a rather unique appearance with lat¬ 
eral dermal fringes along the flanks, arms, legs, and head 
sides. When not stressed, the body shows dorsally an ir¬ 
regular pattern of grey, brown, black and white, sometimes 
light green dots, lines, or rather uniform colouration. The 
iris is characteristically coloured: a yellow background with 
reddish-brown, largely circular stripes around the pupil. 

In 2006, populations of U. fimbriatus from mid-altitude 
rainforests of Montagne dAmbre in northern Madagas¬ 
car were described as a new species, U. giganteus, based 
on morphology, colouration, hemipenis structure, and a 
substantial genetic distance to U. fimbriatus (Glaw et al. 
2006). Uroplatus giganteus was diagnosed from U. fimbria¬ 
tus by having a larger size (snout-vent length 182-200 mm 
vs. 150-189 mm, total length up to 322 mm vs. 295 mm), a 
white ground colour of the iris with brownish lines around 
the vertical pupil, and a particular colouration of the 
head as follows (Glaw et al. 2006): two distinct, chevron¬ 
shaped, blackish markings, both pointing posteriorly, one 
between the eyes and the other in front of the eyes. One, 
often poorly delimited, blackish spot is generally present 
between the nostrils and a further one posterior to the nos¬ 
trils. Furthermore two black spots are present behind the 
posterior chevron, and the combined appearance often re¬ 
sembles a “sad smiley” symbol (Fig. 2). No dark pigment 
was noted in the oral mucosa of either species (Glaw et al. 
2006). Further characters that might differ between the two 
species were observed in genital morphology: the terminal 
elements of the hemipenes in U. giganteus were found to be 
almost parallel and not pointed, whereas in U. fimbriatus 
they were converging and pointed (Glaw et al. 2006). 

The original description also relied on the differentia¬ 
tion in a fragment of the mitochondrial 16S rRNA gene, 
with 4.8% uncorrected pairwise p-distance (UPD) be¬ 
tween U. giganteus and one sample of U. fimbriatus from 
the neotype locality Nosy Mangabe. A subsequent molecu¬ 
lar study (Greenbaum et al. 2007) supported the recogni¬ 
tion of U. giganteus as distinct species. Ratsoavina et al. 
(2013), based on sequences from Raxworthy et al. (2008), 
additionally found 7% UPD in the 12S rRNA gene between 
a U. fimbriatus sequence from Betampona, versus U. gigan¬ 
teus from the type locality Montagne dAmbre and from 
Analalava, Salafaina and Bezavona. In the GOB gene, the 
highest divergence in the U. fimbriatus complex was re¬ 
ported between U. fimbriatus from Andakibe and U. gigan¬ 
teus from Marojejy, with an UPD of 17.6%. 


The multigene phylogenetic analysis of Raxworthy et 
al. (2008), published two years after the original descrip¬ 
tion of U. giganteus, revealed two well supported clades 
within U. fimbriatus, corresponding to a northern and a 
southern clade, and easily referable to U. giganteus (north¬ 
ern clade) and U. fimbriatus (southern clade), respectively. 
However, because the northern clade also included a sam¬ 
ple from a site 50 km north of Nosy Mangabe, the neotype 
locality of U. fimbriatus, these authors speculated that sam¬ 
ples from Nosy Mangabe might also fall into the northern 
clade once included in the analysis; they argued that due 
to a purported lack of accurate diagnostic morphological 
characters, and of comprehensive genetic data from Nosy 
Mangabe, the description of U. giganteus had been prema¬ 
ture. Raxworthy et al. (2008), thus, did not accept U. gi¬ 
ganteus as a valid species, but also did not place it formally 
into the synonymy of U. fimbriatus. 

Solving the U. fimbriatus / giganteus taxonomic puzzle 
requires answering three main questions: (1) Does the neo¬ 
type locality of U. fimbriatus. Nosy Mangabe, fall into the 
northern clade of Raxworthy et al. (2008)? In this case 
U. giganteus would likely constitute a synonym of U. fim¬ 
briatus. (2) Is the mitochondrial divergence between the 
northern and southern clade paralleled by concordant di¬ 
vergence in the nuclear genome, which would support a 
two-species hypothesis? (3) Is the molecular divergence 
between both lineages paralleled by consistent, diagnos- 



Figure 2. Ventral and dorsal body colouration of a specimen of 
U. giganteus from Marojejy. As in all species of the U. fimbriatus 
complex the dorsal surface of unstressed specimens is mainly 
covered with brown, grey and black, often reminiscent the bark of 
trees. The ventral surface is whitish or grey without any obvious 
patterns, although the ventral part of the tail is mostly covered 
with dark spots. Note that the tail of this specimen is regenerated. 
Photos by the authors. 
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tic morphological or colour differences that, again, would 
support a two-species hypothesis? 

In this study, we address these three questions by an¬ 
alysing a comprehensive new molecular dataset of mito¬ 
chondrial and nuclear DNA sequences of the U. fimhria- 
tus complex, and undertake a review of the colour pattern 
based on all photographic material of the U. fimbriatus 
complex available to us, with a focus on the type localities 
of U. fimbriatus (Nosy Mangabe) and U. giganteus (Mon- 
tagne d’Ambre). Analyses of external morphology or os¬ 
teology are not undertaken here and will be the subject of 
future studies. 


Materials and methods 

Rationale for molecular analysis 
and species delimitation 

For molecular genetic analysis, we follow the rationale 
of previous studies (e.g., Ratsoavina et al. 2orr, 2or5) in 
which we specifically searched for concordance between 
differentiation in mitochondrial and nuclear genes as sup¬ 
port for the existence of independent evolutionary lineages 
with limited gene flow among them. While mtDNA due 
to its fourfold lower effective population size often shows 
a strong phylogeographic structure, this can be mislead¬ 
ing because (r) it might reflect only a low vagrlity of fe¬ 
males while males might ensure gene flow of nuclear genes 
among populations, and (2) mtDNA structure can be 
strongly affected by introgressive hybridization. We there¬ 
fore analysed nuclear and mitochondrial DNA sequences 
separately. We chose as mtDNA marker a fragment of rzS 
rRNA, which allowed the inclusion of previously published 
sequences (Raxworthy et al. 2008), and complemented it 
with DNA sequences of four nuclear gene fragments. 

DNA sequencing and analysis of sequences 

Tissue samples were collected either as tail tips (from 
specimens subsequently released) or as muscle samples 
obtained from the femoral region (from preserved voucher 
specimens). We preserved samples in ethanol (96%) and 
extracted total DNA following standard salt extraction 
protocol using proteinase K digestion in a concentration 
of ro mg/ml (Bruford et al. r992). We used polymerase 
chain reactions (PCRs) to sequence a fragment of mito¬ 
chondrial r2S ribosomal RNA (r2S rRNA) using primers 
r2SA-L (5’-AAACTGGGATTAGATACCCCACTAT-3’) 
and r2SB-H (s’-GAGGGTGACGGGGGGTGTGT-s’) fol¬ 
lowing protocols of Vences et al. (2003), and fragments 
of the following four nuclear genes: (r) oocyte maturation 
factor Mos (CMOS) following protocols of Ratsoavina et 
al. (2011), (2) the recombination-activating gene r (RAGr) 
using a nested approach as described in Rakotoarison 
et al. (2015), and (3) leucine-rich repeat and WD repeat- 
containing protein (KIAA1239) and (4) sacsin (SACS) with 
primers and a nested PGR approach of Shen et al. (2012). 


PGR products were sequenced directly using an au¬ 
tomated DNA sequencer (ABI 3130 XL, Applied Biosys¬ 
tems). Quality control of sequences was carried out using 
CodonCode Aligner (Codon Code Corporation). For se¬ 
quence alignment, as well as calculation of uncorrected p- 
distances between sequences, we used MEGA7 (Kumar et 
al. 2016). Newly determined sequences were deposited in 
GenBank (accession numbers MG922948-MG92297r and 
MG925676-MG925780). 

We used the Bayesian Information Criterion in jModel- 
test (Darriba et al. 2012) to determine the best-suited sub¬ 
stitution model for the 128 alignment (a HKY-i-G model), 
and estimated the mitochondrial phylogeny of the U. fim¬ 
briatus complex under the Maximum Likelihood (ML) op¬ 
timality criterion in MEGA7 under this model, assessing 
node support with 2000 non-parametric bootstrap repli¬ 
cates. Haplotypes of each of the nuclear DNA fragments 
were inferred using the PHASE algorithm (Stephens et 
al. 2001) implemented in DnaSP software (Version 5.10.3; 
Librado & Rozas 2009). For each fragment, we recon¬ 
structed a Maximum Likelihood tree with Jukes-Cantor 
substitution model (chosen to avoid overparametrisation) 
in MEGA7 (Kumar et al. 2016) and built a haplotype net¬ 
work by entering this tree together with the alignment in 
the software Haploviewer, written by G. B. Ewing (http:// 
www.cibiv.at/~greg/haploviewer) which implements the 
methodological approach of Salzburger et al. (2011). 

Analyses of colour variation 

To test whether there are chromatic difference between in¬ 
dividuals or populations assigned to genealogical groups 
(identified through phylogeographic analyses), especially 
between the northern (L 7 . giganteus) and southern {U. fim¬ 
briatus) mitochondrial clade, we compared colour pat¬ 
terns of the body, eye and buccal mucosa based on pho¬ 
tographs of specimens from the entire distribution range 
of the two species, in order to follow an integrative taxo¬ 
nomic approach (Padial et al. 2010). All photographs had 
been taken of live geckos in the field during day and/or 
night in the following localities: Ambodiriana, Ambodi- 
voangy (Makira), Kianjavato, Mahasoa, Masoala Peninsu¬ 
la (Anaravana, Gap Est, Fanolamkely, Hiaraka, Tampolo), 
Marolambo, Marojejy, Montague dAmbre, Nosy Boraha, 
and Nosy Mangabe. These localities comprised intact or 
slightly to moderately disturbed rainforest and ranged in 
elevation from about o-rooo m (Supplementary Materi¬ 
als: Table Sr). 

Results 

Molecular analysis and species delimitation 

The ML tree based on mitochondrial sequences (128 
rRNA) separated all included samples in a northern and 
a southern clade, supported by bootstrap support values 
of 79% and 65%. Despite the relatively low support of the 
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southern clade (below the 70% threshold that is typically 
seen as strong support; Hillis & Bull 1993), we consider 
these two clades as well supported because Raxworthy et 
al. (2008) found full support for these clades from both ML 
and Bayesian inference, with fewer samples but a multi¬ 
gene matrix more adequate to reconstruct phylogenetic re¬ 
lationships. In our analysis, the northern clade included all 
samples from the type locality of U. giganteus, Montagne 
d’Ambre, and the southern clade included all four samples 
from the neotype locality of U. fimbriatus. Nosy Mangabe. 
At no site were haplotypes of northern and southern clade 
detected in syntopy. Uncorrected pairwise distances in the 
12S gene were 0.0-72% within the southern clade, 0.0- 
8.2% within the northern clade, and 5.5-12.1% between the 
northern and southern clade. 

Two of the nuclear gene fragments analysed (RAGi 
and KIAA1239) provided a clear separation between sam¬ 
ples assigned to the northern and southern mitochondri¬ 
al clades. In SACS, haplotype sharing between northern/ 
southern mitochondrial clade was observed in one haplo¬ 
type, whereas CMOS had very little variation, with only 
two haplotypes identified. Within the nuclear gene trees 
for RACi and KIAA1239, samples from Marojejy and Mon- 
tagne/Foret dAmbre did not share haplotypes, whereas no 
geographical structure was observed among samples of 
the southern clade (see single-gene trees in Supplementa¬ 
ry Material). In conclusion, these results support species 
status of the two main lineages ( U. fimbriatus and U. gi¬ 
ganteus) because reproductive barriers generated through 
time increase genealogical depth and agreement among 
unlinked loci (Avise & Wollenberg 1997). 

Analysis of colour patterns 

Photographs from within the range of the southern lineage, 
and thus assigned to U. fimbriatus, were available for 32 in¬ 
dividuals from 11 localities: Ambodiriana, Ambodivoangy 
(close to Makira), Kianjavato, Mahasoa, Masoala Peninsu¬ 
la (Anaravana, Cap Est, Hiaraka [photos examined but not 
included in the figures], Tampolo), Marolambo, Nosy Bo- 
raha, and Nosy Mangabe. Many of these corresponded to 
the specimens identified via molecular data (i.e., from all 
localities except Mahasoa, Marolambo, Nosy Boraha, and 
several sites in Masoala). The specimens exhibited the fol¬ 
lowing dorsal colouration (an exemplified overview is giv¬ 
en in Figs. 3-6). Dorsal ground colour varies between light 
beige to dark brown to black mainly covered with brown, 
grey and black patterns, often reminiscent of the bark of 
trees. Some specimens show a more distinct pattern with 
up to three well-delimited light patches on the neck, mid¬ 
dorsum and one in the sacral region (e.g.. Figs 3B and 4D). 
Other individuals show only a poorly recognizable pattern 
of indistinct dark vertical, sometimes ruptured lines on 
greyish ground colouration (e.g.. Figs 3C, 6C). Some in¬ 
dividuals show an irregular pattern of fine-grained beige- 
greenish to brown dots (e.g.. Figs 3D, 5D, 5E). One individ¬ 
ual from the Masoala Peninsula showed three light white 


patches of variable shape well delimited by dark lines on 
the head and shoulders (Fig. 4C). The ventral surface is 
whitish. The colouration of the buccal mucosa in all U. fim¬ 
briatus populations is unpigmented. In some individuals 
the anterior tip of the tongue is light to dark red, but it is 
uncertain whether this is a stable individual character and 
if this colouration is caused by pigmentation or simply per¬ 
fusion of superficial blood vessels (Fig. 9D). 

Photographs from within the range of the northern lin¬ 
eage, and thus assigned to U. giganteus, were available for 
13 individuals from two localities: Montagne dAmbre (3; 
Fig. 7) and Marojejy (10; Fig. 8) Many of these correspond 
to specimens assigned to this species also based on mo¬ 
lecular data. 

The specimens from Montagne dAmbre exhibited 
the following dorsal colouration (an overview is given 
in Fig. 7): The dorsal surface of unstressed specimens is 
mainly covered with brown, grey, and black, often remi¬ 
niscent of the bark of trees (Fig. 7A and B). The coloura¬ 
tion of stressed individuals is much more contrasting: the 
brownish and greyish spots mostly have changed to yel¬ 
low and a black reticulation or marbling covers most dor¬ 
sal parts of back, tad, head and limbs (Fig. 7C). Most of the 
photographed individuals agree in having one large beige 
symmetrical patch in the neck, one at middorsum, and one 
in the sacral region. These patches can vary from poorly 
defined (e.g.. Fig. 7D) to very distinct (Claw et al. 2006; 
Fig. 7B) and their borders can be well delimited by black or 
poorly recognizable. The light patches are often filled with 
brownish pattern and their shape is variable. The head col¬ 
ouration of U. giganteus from Montagne dAmbre is rath¬ 
er characteristic: there are two distinct, chevron-shaped, 
blackish markings, both pointing posteriorly, one between 
the eyes and the other in front of the eyes. One, often poor¬ 
ly delimited, blackish spot is generally present between the 
nostrils and a further one posterior to the nostrils. The area 
between these spots and the two chevrons is usually beige, 
brown or yellow. Two black spots are present behind the 
posterior chevron, and the combined appearance often re¬ 
sembles a “sad smiley” symbol. The ventral surface is whit¬ 
ish. No dark colour was noted in the open mouth, and the 
anterior tip of the tongue is light red in the photographed 
individual (Fig. 9C). 

Specimens of U. giganteus from Marojejy differ clearly 
in terms of dorsal colouration from the Montagne dAmbre 
individuals (an overview is given in Fig. 8): generally the 
Marojejy population seems to be much more variable in 
dorsal colouration and pattern. Some individuals resem¬ 
ble the general pattern as observed in Montagne dAmbre 
(Fig. 8E) whereas others have an irregular pattern of in¬ 
distinct dark vertical, sometimes ruptured lines on grey¬ 
ish-brown ground colouration (e.g.. Figs 8A, 8D, 8F). One 
individual showed several light white patches of variable 
shape well delimited by dark lines on the head, shoulders, 
dorsum, feet, and tail (Fig. 8D), very similar to the pattern 
observed in some U. fimbriatus (Fig. 4C). The head colour¬ 
ation of U. giganteus from Marojejy is rather heterogene¬ 
ous and chevron-shaped, blackish markings are absent or 
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Figure 3. Representative specimens and colour variation of U. fimbriatus of the Nosy Mangabe population. Picture B shows a subadult 
specimen whilst all others show adult specimens. Photos D and G. by A. Hartig; photo E by H.-P. Berghof; other photos by the authors. 
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not as characteristic as in the Montage d’Ambre population 
(Fig. 9E). The ventral surface is whitish (Fig. 2). No dark 
colour of the buccal mucosa was noted; the anterior tip of 
the tongue is light red in one photographed individual and 


in another individual the middle part of tongue has a light 
yellowish colouration (Fig. 9C). 

The most important and largely consistent difference 
between U. fimbriatus and U. giganteus is the colour of the 



Figure 4. Colour variation in U. fimbriatus of the Masoala populations. (A) specimen from Masoala, Tampolo; (B) Masoala, Anaravana; 
(C) Masoala, Anaravana, note the white spots on the head and shoulders; (D) juvenile U. fimbriatus form Cap Est, the northern most 
locality of U. fimbriatus-, (E) adult specimen from Masoala, Tampolo; (F) adult specimen from Masoala, Tampolo; (G) specimen from 
Masoala, Anaravana. Photos from Anaravana and Cap Est by A. FIartig; other photos by the authors. 
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Figure 5. Colour variation oi U. fimbriatus form north-eastern populations. (A-B) adult specimen from Ambodivoangy, Makira; (C) adult 
female form Ambodrriana; (D) subadult from Ambodivoangy, Makira; (E) specimen from Mahasoa; (F) specimen from the island Nosy 
Boraha; (G) subadult from Ambodrriana; (FI) defense behavior in an adult male from Ambodiriana. All photos by the authors. 
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iris, as shown in Figure 9A. In U. giganteus it is whitish 
to beige, with brownish lines running vertically along the 
vertical pupil. These lines typically are chocolate brown 
without a distinct reddish-brown tone, thin and poorly 
defined, i.e., often interrupted and connected with each 
other in an irregular network pattern. In U.fimbriatus, the 
iris has a more beige-yellowish to olive greenish ground 
colour, and the vertical lines typically have a reddish- 
brown tone. Furthermore, these lines are more distinct. 


i.e., at least 2-3 of them are relatively wide and continu¬ 
ous; in some specimens, the pattern of wide and continu¬ 
ous vertical lines is so dense that it covers most of the iris 
surface. 

Additional photographs of U. fimbriatus and U. gigan¬ 
teus which in general comply with the pattern described 
below can be found in the publications of Love (2001a, b), 
SvATEK & VAN DuiN (2002) and ScHONECKER (2008) as 
well as on the internet. 



Figure 6. Colour variation oi U. fimbriatus from central-eastern populations. (A) adult specimen from Marolambo; (B) specimen from 
Kianjavato; (C) male and female from Marolambo. All photos by the authors. 
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Discussion southern and U. giganteus to the northern mitochondrial 

clade. This conclusion relies on the high mitochondrial di- 
Taken together, the molecular evidence supports a two- vergence among these units, and especially on the full con- 
species taxonomy, with U. fimbriatus corresponding to the cordance of the mitochondrial signal with that found in 



Figure 7. Colour variation of U. giganteus from the Montagne d’Ambre population. Photo A by A. Hartig; other photos by the authors. 
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Figure 8. Colour variation of U. giganteus from the Marojejy mountain massif in north-eastern Madagascar. Note the white spots on 
the head, shoulders, arms and flanks of the specimen D. Photos by the authors except D by H. P. Berghof. 
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Figure 9. Variation in iris and buccal mucosa pigmentation of U. fimbriatus and U. giganteus. Row (A) Iris colouration in U. giganteus 
(from left to right): Marojejy and Montagne dAmbre (last). Row (B) Iris colouration in U. fimbriatus (from left to right): Masoala, 
Nosy Mangabe, Nosy Mangabe, Amboriana, Marolambo, and Ambodiriana. Row (C) Colouration of the buccal mucosa in U. giganteus 
(from left to right): Marojejy and Montagne dAmbre (last). Row (D) Colouration of the buccal mucosa in U. fimbriatus (from left to 
right): Amboriana, Ambodiriana, Marolambo, Nosy Mangabe, Masoala. Row (E) Detailed photographs of the head colouration of 
U. giganteus from Marojejy. 
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two out of four nuclear genes (i.e., no RAGi and KIAA1239 
haplotype sharing among specimens of either mtDNA 
clade). This suggests limited or absent gene flow among 
these units, even in areas where they occur in rather close 
proximity to one another, and thus provides a rationale for 
species delimitation under the genealogical concordance 
criterion (Avise & Ball 1990). 

However, this taxonomic separation is less obvious than 
in many other Uroplatus taxa. As previously known from 
Uroplatus (e.g., Ratsoavina et al. 2012), the samples an¬ 
alysed showed a high mitochondrial variability. Distance 
values of inter- and intra-species comparisons overlapped 
due to the high differences among locations within each 
clade. The geographic location of the basal split between 
the northern (L 7 . giganteus) and southern {U. fimbriatus) 
clade along the northern boundaries of the Masoala Penin¬ 
sula is apparently paralleled by a similar split into a north¬ 
ern and southern clade within Uroplatus lineatus (Fig. 3 in 
Raxworthy et al. 2008) and in accordance with an iden¬ 
tified area of high species turnover in reptiles by Brown 
et al. (2016). This also holds true for other geckos, such as 
the Phelsuma pusilla complex: in these small-bodied day 
geckos, Gehring et al. (2012) identified at least three inde¬ 
pendent mitochondrial clades in Madagascar’s northeast¬ 
ern coastal lowlands. 

No obvious geographical signal was apparent in the 
mitochondrial or nuclear gene trees of U. fimbriatus, sug¬ 
gesting a relatively recent expansion or ongoing gene flow. 
In contrasf, U. giganteus showed a clear differentiation of 
samples from the Marojejy Massif to those from the north¬ 
ernmost localities Foret d’Ambre and Montagne d’Ambre, 
consistently among mitochondrial and nuclear genes. 
Whether this might suggest the existence of taxonomically 
separate units requires additional study. This genetic dif¬ 
ferentiation may help to explain the pattern of geographic 
variation in colouration within U. giganteus. 

ft is known that natural selection for crypsis plays an 
important role in the evolution of colour variation. As in 
other lizard groups, body colour pattern has been shown 
to have an adaptive basis (e.g.. Leal & Fleishman 2002, 
Thorpe 2002, Rosenblum et al. 2004) and represents a 
compromise between selection for signalling functions 
(e.g., sexual signals, status or territorial signals, and spe¬ 
cies recognition signals) and natural selection for defence 
against visually oriented predators (e.g., Endler 1978, 
Macedonia et al. 2002, Stuart-Fox & Ord 2004). Ac¬ 
cording to this view, differences in colourafion between 
species and populations or between sexes and age class¬ 
es are the result of subtle differences in the balance be¬ 
tween natural and sexual selection (e.g., Stuart-Fox & 
Ord 2004). However, we found no indication of consist¬ 
ent differences in body colour or pattern among species, 
populations or sexes of the U. fimbriatus complex, besides 
the subtle differences of head colouration in U. giganteus 
populations from Montagne d’Ambre compared to those 
from Marojejy, already reported by Glaw et al. (2006). In¬ 
dividuals from all populations in the U. fimbriatus com¬ 
plex are obviously highly cryptic against their respective 


backgrounds in dorsal colouration, whereas hidden body 
regions are more or less uniform in both species and sex¬ 
es, providing additional support for the role of natural se¬ 
lection determining body colouration. Furthermore it has 
been suggested that colouration which visually matches a 
random sample of the background maximizes background 
matching (Merilata & Lind 2005). Therefore, natural se¬ 
lection of the body colouration and pattern should favour 
a high variation within and among populations of U. fim¬ 
briatus and U. giganteus, and thereby could explain the ab¬ 
sence of specific patterns. 

The observed higher chromatic variation in the Maro¬ 
jejy population of U. giganteus compared to the Montagne 
d’Ambre population might be explained by the less isolated 
geographical situation of the Marojejy massif and potential 
gene flow with populations from neighbouring rainforest 
blocks. Alternatively, the two populations may respond to 
slightly different selective factors as natural selection may 
vary geographically due to differences in the habitat or the 
density and species composition of e.g., avian predators 
(Macedonia 2001, Macedonia et al. 2002). However, our 
data cannot discriminate if the differences reflect phyloge¬ 
netic or adaptive variation, and it is possible that other fac¬ 
tors such as genetic drift may be causal. 

To conclude, our molecular data confirm a status for 
U. fimbriatus and U. giganteus as different species. They 
correspond to independently evolving, allopatric lineages, 
with a probable contact zone on the central Masoala Pe¬ 
ninsula. In external colouration, eye colour remains as the 
sole character to distinguish with some reliability among 
individuals of these two species, but future, more in-depth 
study of external morphology and osteology might reveal 
additional diagnostic characters. 

Species of the genus Uroplatus are exported for the pet 
trade and are listed on Appendix II of the Gonvention on 
International Trade in Endangered Species (CITES). Uro¬ 
platus giganteus is classified as Vulnerable (VU) on the 
lUCN Red List (Raxworthy et al. 2011). This large gecko 
has been illegally collected for the international pet trade 
in the past (Glaw et al. 2006), although no commercial 
trade has been reported in recent years (UNEP-WCMC 
2010); its current export quota is zero (www.cites.org). 
Though U. giganteus seems to be present in relatively high 
numbers in Montagne d’Ambre, its population is severe¬ 
ly fragmented and it occupies a very small range (Glaw 
et al. 2006). The main threat that Uroplatus giganteus fac¬ 
es is habitat destruction due to the logging of its lowland 
rainforest habitat for timber and clearance for agriculture 
(Glaw et al. 2006, Ratsoavina et al. 2013). Uroplatus fim¬ 
briatus is classified as Least Concern (LG) on the lUCN 
Red List and is listed on Appendix II of CITES (Raxwor¬ 
thy et al. 2011). There was formerly a quota of 2000 indi¬ 
viduals per year set by CITES, which was reduced to 1000 
individuals in 2016 and 2017 (www.cites.org). However, the 
two species are occasionally confused, and according to 
our unpublished observations, specimens of U. giganteus 
listed as U. fimbriatus on export documents have entered 
the pet trade. Our study provides a means to assign most 
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individuals to species based on colour patterns, especially 
of the iris. Nevertheless, due to the uncertain taxonomic 
status of the Marojejy population of U. giganteus further 
research into the taxonomy, populations and geographical 
range is needed to be able to conserve and manage these 
unique geckos more effectively. 


Acknowledgements 

We are grateful to F. Randrianasolo, R.-D. Randrianiaina, S. 
Rasamison, E. Rajeriarison, J. H. Razafindraibe, a. Rafi- 
MANANTSOA, and T. Rajoafiarison for helping us with field¬ 
work and organization. We thank H.-R Berghof and A. Hartig 
for providing photographs, as well as G. Reunecke and M. Kon- 
DERMANN for help with lab work and sequence analysis. We thank 
the Malagasy authorities and MNP (Madagascar National Parks) 
for issuing research and export permits for issuing the necessary 
permits to collect the tissue samples described here: field research 
was conducted under permits 64/io/MEF/SG/DGF/DCB.SAP/ 
SLRSE and 224/15/MEEMF/SG/DGF/DAPT/SCBT. Thanks to 
the team of MICET in Antananarivo for logistic support. Finan¬ 
cial support was provided by the Volkswagen Foundation to PSG, 
FMR, FG and MV, Deutsche Forschungsgemeinschaft to MDS 
and MV, and by Omaha’s Flenry Doorly Zoo to FMR. 


References 

Andreone, F. & FI. Randriamahazo (1997): Ecological and tax¬ 
onomic observations on the amphibians and reptiles of the 
Andohahela low altitude rainforest, S. Madagascar. - Revue 
fran9aise de Aquariologie et Flerpetologie, 24: 95-128. 

Angel, F. (1929): Contribution a I’etude des Lezards appartenant 
aux genres Uroplatus et Brookesia. - Memoires de I’Academie 
Malgache, 9: 63 pp. 

Angel, F. (1942): Les lezards de Madagascar. - Memoires de 
I’Academie Malgache, 36:193 pp. 

Avise, J. C. & R. M. Ball (1990): Principles of genealogical con¬ 
cordance in species concepts and biological taxonomy. - pp. 
45-67 in: Futuyma, D. & J. Antonovics (eds) Oxford surveys 
in evolutionary biology. - Oxford Univ. Press, Oxford, UK. 

Avise, J. & K. Wollenberg (1997): Phylogenetics and the origin 
of species. - Proceedings of the National Academy of Sciences 
of the United States of America, 94: 7748-7755. 

Bauer, A. M. & A. P. Russell (1989): A systematic review of the 
genus Uroplatus (ReptUia: Gekkonidae) with comments on its 
biology - Journal of Natural Flistory, 23:169-203. 

Bohme, W. & P. Ibisch (1990): Studien an Uroplatus. I. Der Uro- 
platus-fimbriatus-Komplex. - Salamandra, 26: 246-259. 

Brown, J. L., N. Sillero, F. Glaw, P. Bora, D. R. Vieites & M. 
Vences (2016): Spatial biodiversity patterns of Madagascar’s 
amphibians and reptiles. - PLoS ONE, 11: 60144076. 

Bruford, M. W, O. FIanotte, J. F. Y. Brookfield & T. Burke 
(1992): Single-locus and multilocus DNA fingerprint. - pp. 
225-270 in: FIoelzel, A. R. (ed.) Molecular genetic analysis of 
populations: a practical approach. - IRL Press, Oxford. 

Darriba, D., G. L. Taboada, R. Doallo & D. Posada (2012): 
jModelTest 2: more models, new heuristics and parallel com¬ 
puting. - Nature Methods, 9: 772. 


Endler, j. a. (1978): A predator’s view of animal color patterns. - 
Evolutionary Biology, 11: 319-364. 

Flacourt, E. de (1658): Flistoire de la Grande Isle de Madagas¬ 
car, Composee par le Sieur de Flacourt, Directeur General de 
la Compagnie Fran<;aise de I’Orient et Commandant pour su 
Majeste dans la Dite Isle et Isles Adjacentes. - Alexandre Les- 
selin, Paris. 

Gehring, P.-S., F. Glaw, M. Gehara, F. M. Ratsoavina & M. 
Vences (2013): Northern origin and diversification in the cen¬ 
tral lowlands? - Complex phylogeography and taxonomy of 
widespread day geckos (Phelsuma) from Madagascar. - Or¬ 
ganisms, Diversity & Evolution, 13: 605-620. 

Glaw, E, J. Kosuch, F.-W. FIenkel, P. Sound & W. Bohme 
(2006): Genetic and morphological variation of the leaf-tailed 
gecko Uroplatus fimbriatus from Madagascar, with description 
of a new giant species. - Salamandra, 42:129-144. 

Greenbaum, E., a. M. Bauer, T. R. Jackman, M. Vences & 
F. Glaw (2007): A phylogeny of the enigmatic Madagascan 
geckos of the genus Uroplatus (Squamata: Gekkonidae). - 
Zootaxa, 1493: 41-51. 

FIillis, D. M. & J. J. Bull (1993) An empirical test of bootstrap¬ 
ping as a method for assessing confidence in phylogenetic 
analysis. - Systematic Biology, 42:182-192. 

Kumar, S., G. Stecher & K. Tamura (2016): MEGA7: Molecular 
Evolutionary Genetics Analysis version 7.0 for bigger datasets. 
- Molecular Biology and Evolution, 33:1870-1874. 

Leal, M. & L. J. Fleishman (2002): Evidence for habitat parti¬ 
tioning based on adaptation to environmental light in a pair of 
sympatric lizard species. - Proceedings of the Royal Society of 
London Series B - Biological Sciences, 269: 351-359. 

Librado, P. & J. Rozas (2009): DnaSP V5: A software for compre¬ 
hensive analysis of DNA polymorphism data. - Bioinformat¬ 
ics, 25: 1451-1452. 

Love, B. (2001a): Stalking the action (part one). - Reptiles, 9: 
Cover, 48-61. 

Love, B. (2001b): Madagascar’s houdinis. - Fauna (July/August 
2001): 44-59- 

Macedonia, J. M. (2001): Habitat light, color variation, and ul¬ 
traviolet reflectance in the Grand Cayman anole, Anolis con- 
spersus. - Biological Journal of the Linnean Society, 73: 299- 
320. 

Macedonia, J. M., Y. Brandt & D. L. Clark (2002): Sexual di¬ 
chromatism and differential conspicuousness in two popu¬ 
lations of the common collared lizard (Crotaphytus collaris) 
from Utah and New Mexico, USA. - Biological Journal of the 
Linnean Society, 77: 67-85. 

Merilaita, S. & J. Lind (2005): Background-matching and dis¬ 
ruptive coloration, and the evolution of cryptic coloration. - 
Proceedings of the Royal Society B - Biological Sciences. 272: 
665-670. 

Nussbaum, R. a., C. j. Raxworthy, A. P. Raselimanana & J. 
B. Ramanamanjato (1999): Amphibians and reptiles of the 
Reserve Naturelle Integrale d’Andohahela, Madagascar. - Fiel- 
diana Zoology, New Series, 94: 155-173. 

Padial, j. M., a. Miralles, I. De la Riva & M. Vences (2010): 
The integrative future of taxonomy. - Frontiers in Zoology, 7 
(article 16): 1-14. 

Rakotoarison, a., a. Crottini, J. Muller, M.-O. Rodel, F. 
Glaw & M. Vences (2015): Revision and phylogeny of nar- 


145 


Philip-Sebastian Gehring et al. 


row-mouthed treefrogs {Cophyla) from northern Madagascar: 
integration of molecular, osteological, and bioacoustic data re¬ 
veals three new species. - Zootaxa, 3937: 61-89. 

Ratsoavina, F. M., P.-S. Gehring, M. D. Scherz, D. R. Vieites, 
F. Glaw & M. Vences (2017): Two new species of leaf-tailed 
geckos (Uroplatus) from the Tsaratanana mountain massif in 
northern Madagascar. - Zootaxa, 4347: 446-464. 

Ratsoavina, F. M., E. E. Jr. Louis, A. Crottini, R. D. Randri- 
ANiAiNA, F. Glaw & M. Vences (2011): A new leaf tailed gecko 
species from northern Madagascar with a preliminary assess¬ 
ment of molecular and morphological variability in the Uro¬ 
platus ebenaui group. - Zootaxa, 3022: 39-57. 

Ratsoavina, F. M., N. R. Raminosoa, E. E. Jr. Louis, A. P. 
Raselimanana, F. Glaw & M. Vences (2013): An overview 
of Madagascar’s leaf tailed geckos (genus Uroplatus): species 
boundaries, candidate species and review of geographical dis¬ 
tribution based on molecular data. - Salamandra, 49: 115-148. 

Ratsoavina, F. M., F. A. Ranjanaharisoa, F. Glaw, A. P. Rase¬ 
limanana, A. Miralles & M. Vences (2015): A new leaf¬ 
tailed gecko of the Uroplatus ebenaui group (Squamata: Gek- 
konidae) from Madagascar’s central eastern rainforests. - 
Zootaxa, 4006:143-160. 

Ratsoavina, F. M., M. Vences & E. E. Louis Jr. (2012): Phylo- 
geny and phylogeography of the Malagasy leaf-tailed geckos 
in the Uroplatus ebenaui group. - African Journal of Flerpeto- 
logy, 61:143-158. 

Raxworthy, C. J., R. G. Pearson, B. M. Zimkus, S. Reddy, A. 
J. Deo, R. a. Nussbaum & C. M. Ingram (2008): Continental 
speciation in the tropics: contrasting biogeographic patterns 
of divergence in the Uroplatus leaf-tailed gecko radiation of 
Madagascar. - Journal of Zoology, 275: 423-440. 

Raxworthy, C. J., F. M. Ratsoavina, F. Glaw & N. Rabibisoa 
(2011): Uroplatus giganteus. The lUCN Red List of Threatened 
Species 2011: e.Ti72756A69i2o66. - Available at http://dx.doi. 
org/io.2305/IUCN.UK.20ii-2.RLTS.Ti72756A69i2o66.en, 
downloaded 12 November 2017. 

Rosenblum, E. B., El. E. FIoekstra & M. W. Nachman (2004): 
Adaptive reptile color variation and the evolution of the Mcir 
gene. - Evolution, 58:1794-1808. 

Salzburger, W., G. B. Ewing & A. Von FIaeseler (2011): The 
performance of phylogenetic algorithms in estimating hap- 
lotype genealogies with migration. - Molecular Ecology, 20: 
1952-1963. 

Schneider, J. G. (1792): Amphibiorum Physiologiae Specimen 
Alterum Historiam et Species Generis SteUionum seu Geck- 
onum Sistens. - Frankfurt (Oder), C. L. F. Aitzi, 54 pp. 

ScHONECKER, P. (2008): Geckos Madagaskars, der Seychellen, 
Komoren und Maskarenen. - Terralog 12, Frankfurt/Main, 
144 pp. 

Shen, X. X, D. Liang & P. Zhang (2012): The development of 
three long universal nuclear protein-coding locus markers and 
their application to osteichthyan phylogenetics with nested 
PGR. - PLoS One, 7: e39256. 

Stephens, M., N. J. Smith & P. Donnelly (2001): A new sta¬ 
tistical method for haplotype reconstruction from population 
data. - American Journal of Fluman Genetics, 68: 978-989. 

Stuart-Fox, D. M. & T. J. Ord (2004): Sexual selection, natural 
selection and the evolution of dimorphic coloration and orna¬ 
mentation in agamid lizards. - Proceedings of the Royal Soci¬ 
ety of London, Series B, 271: 2249-2255. 


SvATEK, S. & S. VAN DuiN (2002): Plattschwanzgeckos. Die Gat- 
tung Uroplatus. - Brahmer Verlag, i6i pp. 

Thorpe, R. S. (2002): Analysis of color spectra in comparative 
evolutionary studies: Molecular phylogeny and habitat adap¬ 
tation in the St. Vincent anole (Anolis trinitatis). - Systematic 
Biology, 51: 554-569- 

UNEP-WCMC (2010): Review of Significant Trade: Species Se¬ 
lected by the CITES Animals Committee Following C0P14. - 
CITES Secretariat, Geneva, Switzerland. 

Vences, M., J. Kosuch, F. Glaw, W. Bohme & M. Veith (2003): 
Molecular phylogeny of hyperoliid treefrogs: biogeographic 
origin of Malagasy and Seychellean taxa and re-analysis of fa¬ 
milial paraphyly. - Journal of Zoological Systematics and Evo¬ 
lutionary Research, 41: 205-215. 


Supplementary material 

Supplementary Table SI. Locality name, GPS coordinates, and 
field number of U. fimbriatus and U. giganteus individuals se¬ 
quenced or mentioned in this study. 

Supplementary Figure SI. Unrooted Maximum-Likelihood tree 
based on sequences of the RAGl gene. 

Supplementary Figure S 2 . Unrooted Maximum-Likelihood tree 
based on sequences of the KIAA 1239 gene. 

Supplementary Figure S 3 . Unrooted Maximum-Likelihood tree 
based on sequences of the SACS gene. 

Supplementary Figure S 4 . Unrooted Maximum-Likelihood tree 
based on sequences of the CMOS gene. 


146 


